Purpose: The purpose of this study was to develop and test hardware and software modifications to allow quantitative fullthickness corneal imaging using the Heidelberg Retina Tomograph (HRT) Rostock Corneal Module.
I t is well established that confocal microscopy provides highresolution images with better rejection of out of focus information than conventional light microscopy. The optical sectioning ability of confocal microscopy allows images to be obtained from different depths within a thick tissue specimen, thereby eliminating the need for processing and sectioning procedures. Thus, confocal microscopy is uniquely suited to the study of intact tissue in living subjects. In vivo confocal microscopy has been used in a variety of corneal research and clinical applications. [1] [2] [3] Interestingly, this technology has developed along several paths, which have led to instruments with different strengths and weaknesses in both hardware and software designs. Three confocal imaging systems are currently in use: the tandem scanning confocal microscope (TSCM, a spinning disk confocal), the Confoscan 4 (a scanning slit system), and the Heidelberg Retina Tomograph (HRT) Rostock Cornea Module (HRT-RCM, a scanning laser system).
The first scanning confocal microscope, developed by Petran et al, 4, 5 used a modified Nipkow disk containing optically conjugate (source/detector) pinholes arranged in Archimedean spirals. This work led to the design of a TSCM suited for use in ophthalmology. 6, 7 TSCM systems use a specially designed surface contact objective, in which the position of the focal plane relative to the tip is varied by moving the lenses inside the casing. Thus, the position of the focal plane within the cornea can be calibrated, allowing quantitative 3-dimensional (3D) imaging. 8, 9 To collect and quantify 3D information from the cornea, a technique termed confocal microscopy through focusing (CMTF) was developed for the TSCM. 10, 11 CMTF scans are obtained by scanning through the cornea from the epithelium to endothelium at a constant lens speed, while continuously acquiring images. After a z-series of CMTF images have been digitized, a cursor can be moved along the intensity curve as corresponding images are displayed. In this way, the user can identify images of interest and record their exact z axis depth. 10, 11 Using intensity peaks corresponding to interfaces between layers, accurate and reproducible measurements of corneal, epithelial, and stromal thickness can be obtained. 10 In addition, depth-dependent changes in cell morphology, density, and reflectivity can be assessed with this system. [12] [13] [14] Unfortunately, the TSCM is no longer commercially available.
The Confoscan 4 (Nidek Technologies Srl, Padova, Italy) is a variable-slit real-time scanning confocal microscope. In this microscope, 2 independently adjustable slits are located in conjugate optical planes; a rapidly oscillating 2-sided mirror is used to scan the image of the slit over the plane of the cornea to produce optical sectioning in real time. 15, 16 This is a user-friendly instrument that incorporates automated alignment and scanning software. In addition, the scanning slit design improves light throughput and provides images with better contrast and signal to noise ratio than the TSCM. However, this is achieved at the expense of axial resolution, which has been measured at approximately 24 mm (compared with 9 mm for the TSCM). 8, 17 The HRT-RCM (Heidelberg Engineering GmBH, Dossenheim, Germany) is a laser scanning confocal microscope. 18 It operates by scanning a 670-nm laser beam in a raster pattern over the field of view. The system typically uses a higher numerical aperture 63· objective lens (0.9 NA) and thus produces images with excellent resolution and contrast and has better axial resolution than the other confocal systems (7.6 mm). 19 Another unique advantage of the HRT is the ability to make on-line 2-dimensional (2D) composite images, which dramatically expands the effective field of view. 20 Automated z-scans of 60 mm can be generated using the internal lens drive, and these have been used to produce 3D reconstructions of the anterior cornea. 21, 22 However, changing the focal plane over larger distances must be performed manually (by rotating the objective housing by hand), which can cause movement and interfere with the examination and data acquisition process. Although remote control of focusing has been described, a system that allows quantitative high-resolution 3D imaging of the full-thickness cornea has not been reported. 19, 23 In this study, we modified the HRT-RCM hardware and software to address these important limitations. We then tested the feasibility of performing quantitative fullthickness corneal imaging in vivo using the enhanced system.
MATERIALS AND METHODS

Hardware Modifications
With the HRT-II-RCM, changing the focal plane is normally accomplished using a thumbscrew drive, which is rotated by hand ( Fig. 1A ). This piece was removed to allow the front assembly of the microscope to move freely, as previously described. 23 A Newport TRA25CC Motorized Actuator with DC Servo motor drive enclosed in a custom-made housing was attached to the HRT scan head (Fig. 1B) . The actuator was coupled to the front section of the microscope using a spring-loaded drive shaft. This rigid assembly ensured proper alignment of the motor drive shaft with the z axis of the HRT-RCM. Also, the HRT-RCM was mounted on a slitlamp stand to facilitate proper alignment with the cornea. In some experiments, a thin silicone washer (1.2 cm outer diameter, 3 mm inner diameter, 600 mm thick; Specialty Silicone Products, Inc., Ballston Spa, NY) was placed on the Tomocap to eliminate the reflections that can interfere with superficial epithelial imaging. 19 
Software Modifications
We previously developed a CMTF program that controlled the focal plane position on the TSCM system via an Oriel linear actuator. 11 This program was modified to control the position of the Newport motor via a serial interface to a Newport Single Axis Motion Controller (SMC100CC), which is connected to the TRA25CC actuator. The position of the actuator is continuously monitored using the SMC100CC controller and is read from the controller using CMTF software. The standard HRT software only collects 100 images during a sequential acquire, which results in a large step size (.5 mm) between images in a CMTF stack of the full-thickness cornea. 23 We recently obtained beta software from Heidelberg Engineering that allows real-time "streaming" of images to the hard drive during an examination. With this software, much larger sequences can be obtained (maximum 14,525 images). All images in a sequence are combined into a single ".vol" file, in which each image contains a 384 byte header followed by the 384 · 384 pixel data. The CMTF software was modified so that the HRT .vol files could be directly loaded. The header information from each image is also decoded to determine its exact time of acquisition, and its relative z position is then calculated based on the known scan speed.
Calibration of Lens Drive
We first tested the lens drive system by comparing the focal plane position determined from the inductive displacement transducer on the HRT-RCM (HRT Depth Display on Eye Explorer Software) and the depth reading from the CMTF Program. At the start of the test, the microscope was focused on the front surface of the Tomocap. This position is marked as HOME and is reset to zero on both the Eye Explorer software and the CMTF software. The Tomocap on the microscope was moved over 1000 mm in steps of either 50 or 100 mm. The depth readings were recorded from the CMTF and the Eye Explorer software for every step. The experiment was repeated 3 times for lens speed of 30 mm/s and 60 mm/s. The microscope focus was reset at the beginning of each experiment.
In Vivo Imaging
To test the new system in vivo, the left eyes of 10 anesthetized New Zealand white rabbits were studied. Rabbits were anesthetized with 50 mg/kg intramuscular ketamine and 5.0 mg/kg xylazine. A drop of topical anesthetic (proparacaine) was also applied to the left eye. Corneal thickness was then measured using an ultrasonic pachymeter (Corneo-Gage III, Chiron). For confocal imaging, a drop of Genteal was placed on the tip of the HRT-RCM objective lens to serve as a thin liquid cushion and to eliminate bright surface reflections. The objective lens was then positioned so that flat-field images were observed at a central region of the cornea (confirming proper alignment). For CMTF, scans were made from the endothelium to the epithelium at a constant lens speed, while collecting images using the HRT streaming software function with the acquisition rate set to 30 frames per second. A minimum of 4 CMTF scans were performed in the central region of each cornea using a lens speed of 60 mm/s. Each scan required approximately 7 seconds and had a step size between images of approximately 2 mm. The field of view for each 384 · 384 pixel image was 400 mm · 400 mm, resulting in a voxel size of 1.04 mm · 1.04 mm · 2 mm (x, y, and z). Quantitative analyses of corneal sublayer thickness and keratocyte density were performed using these scans. In 5 rabbits, additional scans were then performed using a lens speed of 30 mm/s. Each of these scans required approximately 14 seconds and had a step size between images of approximately 1 mm. These scans were used for volume rendering, as detailed below. All scans were collected with the automatic brightness correction inside the HRT-II software turned "off."
Keratocyte Density Measurements
In 6 corneas, 3D keratocyte density was measured from the in vivo CMTF stacks using the manual counting routine in Metamorph. To compensate for movements that occur during in vivo imaging, the stromal images in the 3D CMTF data sets were automatically aligned using the linear stack alignment Plugin in ImageJ (Fiji version), which uses features extracted via the scale invariant feature transform. Because this alignment produces vacant areas at the edges of the shifted images, a central 200 · 200 pixel region was used for analysis. Manual counts of keratocyte nuclei were performed using an approach previously described by us, in which each nucleus is marked only on the image in which it is brightest. 24 Measurements were averaged within 10% thickness intervals and plotted.
In 1 rabbit, the cornea was fixed in situ after being killed with 3% paraformaldehyde. To label the nuclei, a block from the central cornea was stained with propidium iodide (Molecular Probes, Inc., Eugene, OR) in phosphate-buffered saline (1:100) containing RNase (DNase free, 1:100; Roche, Indianapolis, IN) and mounted in glycerin/phosphate-buffered saline to prevent swelling (1:1). 24 This sample was imaged using a 20· objective on a Leica SP2 confocal microscope. Cell counts were performed as described above, and keratocyte density was calculated after normalizing to the in vivo thickness (to account for any tissue swelling/shrinkage during fixation).
Volume Rendering
Imaris software (Bitplane Inc., South Windsor, CT) was used for volume rendering of CMTF image stacks. Stacks were first loaded into Metamorph and saved as multi-image TIF files. These TIF files were read into Imaris, and a median filter was applied to remove background noise. Images were cropped in 3D to focus on a region of interest and rendered using an orthogonal maximum intensity projection within the Surpass module of Imaris. Movies showing reconstructions over a range of projection angles were generated using the Animation module.
RESULTS
To allow automated control of the focal plane on the HRT-RCM, a personal computer (PC)-controlled motor drive was incorporated into the system. As shown in Figure 2 , a high correlation was found between the focal plane positions displayed on the HRT-RCM and the CMTF Program (R = 0.99, P , 0.001). This confirms that there is direct and stable coupling between the motor drive and the RCM. However, it should be noted that these readings do not necessarily correspond to the focal plane position inside the cornea. The modified CMTF program interface is shown in Figure 3 . The CMTF software reads and displays the image stacks, and the intensity versus depth curve is calculated and plotted on the right side of the window. The intensity curves obtained with the HRT-RCM have the same characteristic shape as those obtained previously with the TSCM, with 3 peaks corresponding to the superficial epithelium, basal lamina, and the endothelium. 10 By clicking on the maxima of these peaks, the CMTF software directly calculates epithelial, stromal, and total corneal thickness. The mean epithelial and corneal thicknesses measured in the rabbit were 47 ± 5 mm and 373 ± 25 mm, respectively (n = 10 corneas); coefficients of variation for repeated scans were 8.2% and 2.1%. Corneal thicknesses measured using ultrasonic pachymetry was 374 ± 17 mm, which is in close agreement with the confocal measurements. Figure 4 shows a sampling of images from a CMTF scan through a rabbit cornea in vivo. Using the modified HRT-RCM, clear images of all cell layers with sharply contrasting borders were consistently obtained. The stacks of corneal images obtained from the in vivo CMTF were also used to calculate the keratocyte density in 6 rabbits. The mean overall keratocyte density measured in the rabbit was 43,246 ± 5603 cells per cubic millimeter in vivo. As shown in Figure 5 , there was the expected gradual decrease in keratocyte density from the anterior to posterior cornea (R = 0.992), consistent with previous data generated in vitro. 24, 25 In 1 rabbit, in vivo and in vitro cell density measurements were directly compared and no significant difference was found (39,392 + 652 cells/mm 3 vs. 40,781 ± 1526 cells/mm 3 , P = 0.22, n = 3 scans each).
In addition to the interactive visualization provided by the CMTF program, we also attempted to generate 3D renderings using Imaris software. As shown in Figure 6A , orthogonal projections through the full thickness of the cornea were successfully generated from the CMTF stacks. In 1 rabbit, there was minimal x-y movement of the cornea during the scanning process (maximum drift of less than 10 mm), and the reconstruction was made without aligning the images within the stack (Fig. 6A) . By rotating the projection angles to create a 3D movie, the 3D relationships between the cells and cell layers within the tissue are clearly demonstrated in Supplemental Digital Content 1 (see Video, http://links.lww.com/ICO/A76). A second reconstruction of the stroma of a different cornea is shown in Figure 6B and Supplemental Digital Content 2 (see Video, http://links.lww.com/ICO/A77). Because there was more x-y movement of the cornea during this scan (a maximum drift of 78 mm), the planes within the stack were registered before performing the reconstruction.
DISCUSSION
The HRT Rostock Corneal Module provides images with better resolution and contrast than other confocal systems. However, to change the focal plane position over large distances, a cylindrical housing must be rotated by hand. This housing is within inches of the cornea and can sometimes interfere with the examination process. Overall, changing the focal plane position is cumbersome and represents an important limitation of the instrument. To address this problem, we previously modified the HRT in our laboratory so that the focal plane position could be controlled using a computer-controlled lens drive system. 23 This modification significantly improved the ease of the examination procedure by allowing "hands-free" focusing of the HRT-II microscope; however, this prototype still had several important limitations. First, the connection between the motor drive and the microscope objective was not robust. Second, a time-consuming multistep procedure was required to load images and data into the CMTF program. Third, the software could only collect 100 images during a sequential acquire, resulting in a large step size between CMTF images (.5 mm), which limits the resolution for quantitative analyses of sublayer thickness. In this study, we report modifications to the HRT-RCM hardware and software that addresses all 3 of these limitations. We also tested the feasibility of performing in vivo quantitative full-thickness corneal imaging using the new system. Using the modified HRT-RCM system, clear peaks were identified on the CMTF curves that allowed us to make measurements of epithelial, stromal, and corneal thickness. Corneal thickness measurements made with the HRT-RCM were in good agreement with those obtained using ultrasonic pachymetry (373 ± 25 mm vs. 374 ± 17 mm, respectively). However, the coefficients of variation obtained for repeated scans of the epithelium and cornea were higher than that previously reported using the TSCM system (8.2% and 2.1% vs. 2.5% and 0.7%). 10 This is most likely because of the different mechanisms used for changing the focal plane on these 2 systems. In the TSCM, the focal plane position is changed by moving lenses inside the objective casing, thus the tip of the objective remains stationary during scanning. In contrast, changing the focal plane position of the HRT requires movement of the Tomocap, which is in contact with the cornea. Essentially, the cornea is moved through the stationary focal plane of the objective. This movement can potentially change the degree of applanation during a scan and introduce backlash when changing directions. In the present study, all through-focus scans collected were performed with the Tomocap moving forward, to ensure that the tip remained in contact with the corneal surface throughout the procedure.
For this study, the Newport motor drive was controlled using PC-based software; thus, a separate PC (in addition to the HRT PC) was required to perform confocal imaging. Alternatively, a joystick remote can be used with a more expensive controller (Newport ESP301-1N), which eliminates the need for a second PC (Petroll WM, unpublished observation, 2012) . We are also evaluating other approaches for focal plane control that can be more easily added onto existing HRT-RCM systems.
Other techniques such as high-frequency ultrasound and spectral domain optical coherence tomography can also provide accurate measurements of corneal sublayer thicknesses. [26] [27] [28] However, quantitative 3D confocal microscopy additionally provides a series of high-resolution en face images that allow assessment of depth-dependent changes in cell morphology, density, and reflectivity. [12] [13] [14] 29 For example, CMTF imaging with the TSCM has been used for studying the effects of refractive surgical procedures such as photorefractive keratectomy and laser in situ keratomileusis, in which measurements of sublayer thickness and depthdependent cell and extracellular matrix backscatter are important. [30] [31] [32] [33] [34] [35] CMTF has also been used to assess the corneal light scattering profile in transgenic mouse models with altered corneal clarity. 36 Unlike most anterior segment imaging approaches, confocal microscopy can also be used for reconstruction of the subbasal nerve plexus, assessment of corneal endothelial density and morphology, and 3D localization and monitoring of corneal infection and inflammation. [1] [2] [3] 22, 37 The TSCM has also been used to monitor changes in keratocyte density during aging, in keratoconus patients, and after surgery. 34, [38] [39] [40] [41] Previous studies have identified significant, often unexpected, changes in cell density that may have long-term clinical implications. 26, [28] [29] [30] [31] Cell density was estimated from single (2D) images collected at different depths from within the cornea in these studies. In the present study, we used the entire CMTF data set, so that the true 3D position of each cell could be determined. A linear decrease in keratocyte density was measured from the anterior to posterior cornea, consistent with previous data generated from the rabbit cornea in vitro. 24 To perform true 3D cell counting, the images within the stack were registered to compensate for translational movement of the cornea that occurred during scanning. Thus, scans without large amounts of movement had to be excluded. Although manual cell counting was performed in the present study, the HRT-RCM should be well suited for previously published automated cell counting approaches because of the high image contrast. 38, 42 We were also able to generate 3D volume renderings of the rabbit cornea from the confocal scans using Imaris software. To our knowledge, these are the first such reconstructions that encompass the full thickness of the in vivo cornea. It should be noted that such reconstructions would be more difficult in the human cornea because of involuntary eye movements that occur during scanning. As recently demonstrated by Zhivov and colleagues, 22 such movements can cause distortions within individual images and therefore require more complex image registration techniques. It should also be noted that the HRT streaming software used in this study is a beta version not yet approved for human use. Without this software, only 100 frames can be acquired during a sequential acquire, which is not sufficient for high-resolution 3D reconstructions of the tissue.
Overall, the hardware and software modifications to the HRT-RCM allow high-resolution 3D image stacks to be collected from the entire rabbit cornea in vivo. These data sets can be used for interactive visualization of corneal cell layers, quantitative assessment of sublayer thickness, and depthdependent measurements of keratocyte density. Overall, the modifications should significantly expand the capabilities of the HRT-RCM for quantitative research applications.
